Introduction
Cell division, organelle movement, polarized growth and many other cellular processes that involve motile events rely upon molecular motors that convert energy derived from ATP hydrolysis into movement along cytoskeletal polymers (Goldstein, 1993; Mooseker and Cheney, 1995; Walker and Sheetz, 1993) . The three major classes of molecular motors are the actin-based myosins and microtubule-based dyneins and kinesins (Moore and Endow, 1996; Mooseker and Cheney, 1995; Walker and Sheetz, 1993) .
Received 5 March 1997; revised 18 June 1997; accepted 9 July 1997. *For correspondence (fax + 1 970 491 0649; e-mail reddy@lamar.colostate.edu.).
The kinesin superfamily consists of conventional kinesins and a large number of related proteins called kinesin-like proteins (KLPs) that are implicated.in intracellular transport and in controlling many processes associated with cell division (Barton and Goldstein, 1996; Moore and Endow, 1996) . Although kinesins and KLPs are related to one another in having a highly conserved motor domain, KLPs show considerable variation in the location of the motor domain and motility properties (Barton and Goldstein, 1996; Moore and Endow, 1996) . KLPs with amino-terminal and centrally located motor domains move toward microtubule plus ends, whereas KLPs with carboxy-terminal motor domains move toward minus end of microtubules (Barton and Goldstein, 1996; Moore and Endow, 1996) .
Although molecular motors have been implicated in a variety of cellular processes in plants including spindle function, cytokinesis, organelle and vesicle transport, and cytoplasmic streaming, very little is known of their molecular identity or function (Lloyd, 1991; Williamson, 1993) . Cell division in plants, although similar to animals in most respects, differs in the absence of defined centrosomes and in the formation of the preprophase band and the phragmoplast during cytokinesis (Baskin and Cande, 1990; Fosket and Morejohn, 1992) . This suggests that plants are likely to be endowed with additional plant-specific KLPs that are not present in animal cells. Recent studies show that plants contain members of myosin, dynein and kinesin superfamilies (Asada and Collings, 1997) . Immunocytochemical studies with antibodies to conserved regions of kinesin heavy chain suggest the presence of kinesins in plants (Cai et aL, 1993; Liu et aL, 1994; Tiezzi et aL, 1992) . A search for kinesin homologs in plants using a polymerase chain reaction-based approach resulted in the isolation of three distinct KLP cDNAs (KatA, KatB and KatC) that show cell cycle-dependent expression (Mitsui et aL, 1993 (Mitsui et aL, , 1994 (Mitsui et aL, , 1996 . A polyclonal antibody raised against two short peptides in the motor domain of KatA stained the preprophase band, mitotic spindle and phragmoplast (Liu et al., 1996) .
We have recently isolated a unique kinesin-like protein (KCBP) with a calmodulin-binding domain from Arabidopsis during a screen for calmodulin-binding proteins (Reddy et aL, 1996b) . To date, KCBP is the only member of the kinesin superfamily (which consists of about seventy KLPs) (Moore and Endow, 1996) with a calmodulin-binding domain. Homologs of KCBP have also been isolated from potato and tobacco, suggesting that this novel kinesin-like protein is ubiquitous in plants (Reddy et al., 1996a; Wang et al., 1996) . The KCBP has a 350 amino acid conserved motor domain containing ATP-and microtubule-binding regions at the carboxy-terminus linked to an amino-terminal globular tail domain by a putative coiled-coil region. In vitro motility studies have demonstrated that KCBP is a minus end-directed microtubule motor (Song et al., 1997) . The calmodulin-binding domain, mapped to a stretch of 23 amino acids, is located carboxy-terminus to the motor domain. Interestingly, the amino terminal tail domain of KCBPs show significant sequence similarity to a region, referred to as MYTH4 domain, in the tail of some members of myosins (Chen et al., 1996; Reddy et al., 1996b) . There is also a region in KCBP that is homologus to talin (Chen et al., 1996) . The MYTH4 domain is a typical feature of myosin subfamilies of IV, VIla, X and XII. Talin is known to interact with membranes and actin, the cytoskeletal polymer used by myosins in motility function (Niggli et al., 1994; Nuckolls et al., 1990) . These two domains have been found only in KCBP and not in any of the known members of the kinesin superfamily.
Interaction of motors with microtubules is an important component in translocation of kinesins on microtubules and is likely to be highly regulated. Recent studies show that both plus-end and minus-end kinesins interact with tubulin subunits and this interaction is modulated by polyglutamylation of tubulin subunits (Larcher et al., 1996; Walker, 1995) . There is also evidence for mechanisms such as phosphorylation that modulate the interaction of motors with microtubules (Blangy et al., 1995; Liao et al., 1994; Sawin and Mitchison, 1995) . Among motor proteins, the heavy chain of some actin-based myosin motors and light chain of microtubule-based kinesin motors show calcium and calmodulin-dependent regulation (Matthies etal., 1993; Wolenski, 1995) . The presence of a calmodulin-binding domain next to the motor domain in KCBP and its binding to calmodulin at micromolar calcium concentration raises an interesting possibility that calcium, an important messenger molecule in plant and animal systems (Gilroy and Trewavas, 1994; Poovaiah and Reddy, 1993; Roberts and Harmon, 1992) , through calmodulin, may regulate the interaction of KCBP with tubulin. In the present study we have investigated the binding of KCBP to tubulin subunits and the possible role of Ca2+-calmodulin in modulating KCBP interaction with tubulin subunits. Our results show interaction of Arabidopsis KCBP with both (z-and 13-tubulin subunits and modulation of this interaction by Ca 2÷-calmodulin.
Results

Expression and purification of different parts of KCBP
To study the interaction of different parts of KCBP with tubulin subunits and possible modulation of this interaction by Ca2+-calmodulin, we expressed different parts of KCBP. We attempted to express full-length, amino-and carboxyterminal parts of KCBP in E. coli as fusion proteins. To express full-length KCBP, the coding region corresponding to amino acid residues 12-1261 was cloned in-frame in pET 28. This construct is expected to produce a protein of about 140 kD. However, probing of blots containing proteins from induced cultures with S protein that recognizes the amino-terminal end of KCBP and biotinylated calmodulin that recognizes the C-terminal part of KCBP detected 90 and 55 kD proteins, respectively (data not shown). These results suggest that the full-length protein breaks down into two smaller products. A full-length protein of expected size was never observed in spite of using a wide variety of protease inhibitors. Four different truncated constructs (2.5 N, 1.5 C, 1.4 C and 1.0 C) representing different parts of KCBP were expressed as fusion proteins (Figure 1 ). The 2.5 N fusion protein contained the amino-terminal region (amino acids 12-806) of KCBP. Fusion proteins 1.5 C, 1.4 C and 1.0 C contained amino acids 821-1261, 860-1261 and 860-1210 of the C-terminal region of KCBP, respectively. Both 1.5 C and 1.4 C fusion proteins contain motor and calmodulin-binding domains. However, 1.5 C fusion has an additional 40 amino acid residues from the predicted coiled-coil region of KCBP. Such an extended stalk has been reported to aid in dimerization, in addition to providing a rotational freedom for the kinesin molecule (Bloom and Endow, 1994; Chandra et al., 1993) . The four constructs with truncated versions of KCBP yielded fusion proteins of expected size in the insoluble fraction when induced with IPTG at 37°C (data not shown). Attempts to solubilize inclusion bodies using denaturing agents like urea and sarkosyl did not yield functional protein. We were, however, successful in obtaining soluble fusion protein by inducing the bacteria at 20°C in the presence of a low concentration (0.2 mM) of IPTG (Figure 2 ). Under these conditions about 10-40% fusion protein was present in the soluble protein fraction. Fusion protein from 2.5 N and 1.0 C constructs was purified using His-Bind affinity column whereas the fusion protein from 1.5 C and 1.4 C constructs was purified with a calmodulin Sepharose affinity column. The purity of the fusion proteins was assessed by Coomassie staining and probing the blots with appropriate probe. Fusion protein from 2.5 N and 1.0 C was detected with T7.tag monoclonal antibody (Figure 2a and d) . Biotinylated calmodulin or KCBP antibodies were used to detect 1.5 C and 1.4 C fusion proteins as they contain the calmodulinbinding domain (Figure 2b and c). In addition, 1.5 C fusion protein could be detected with S protein (Figure 2b ). As shown in Figure 2 , highly purified protein was obtained from 2.5 N, 1.5 C and 1.4 C constructs whereas 1.0 C construct yielded highly enriched fusion protein as evident from comparison of Coomassie stained gel of purified protein fraction with that of a blot probed with T7.tag (Chen et al., 1996; Reddy et al., 1996b) . MYTH4, a domain present in the tail region of some members of the myosin superfamily (Vlla, IV, X and Xll); CC, s-helical coiled-coil region; MD, motor domain; CB, calmodulin-binding domain. The amino acid sequence of the calmodulin-binding domain used in raising KCBP antibodies is indicated in single letter code. 2.5 N: Fusion protein containing the amino-terminal region (amino acids 12-806) of KCBP. 1.5 C: The carboxy-terminal fusion protein (amino acids 821-1261) of KCBP containing motor and calmodulin-binding domains and a limited coiled-coil stalk. 1.4 C: The carboxy-terminal fusion protein (amino acids 860-1261) containing a short coiled-coil stalk, motor and calmodulin-binding domains. 1.0 C: The carboxy-terminal fusion protein (amino acids 860-1210) containing a short coiled-coil stalk and motor domain but without calmodulin-binding domain. HT, His.tag for affinity purification of fusion protein; T7T, T7.tag for immunodetection; Trx, thioredoxin for increased solubility of fusion protein; and ST, S tag for fusion protein detection. monoclonal antibody (Figure 2d ). Also, in some instances we observed small molecular weight bands (Figure 2b and c) which are likely to be the degraded products of fusion protein.
Motor domain of KCBP interacts with ~-and l~-tubulin subunits
We have previously shown that the motor domain of Arabidopsis KCBP binds to microtubules (Deavours et al., 1996; Reddy et aL, 1996a) . To test whether KCBP binds to unpolymerized subunits of tubulin, we have used different regions of KCBP in a blot overlay assay. Blots containing tubulin subunits were incubated with purified KCBP and the binding of KCBP to tubulin subunits was detected using appropriate probes (biotinylated calmodulin, KCBP antibodies or T7.tag antibodies). As shown in Figure 3 (Figure 3b ). Furthermore, we have shown previously that calmodulin which is used in detecting KCBP binding to tubulin does not bind to tubulin (Reddy et aL, 1996a) .
These studies show that the C-terminal motor domain of KCBP with or without calmodulin-binding domain can interact with tubulin subunits.
KCBP interaction with tubulin subunits is concentration dependent
In order to determine the concentration dependence of KCBP binding to tubulin subunits, blots containing a fixed 
GTP and ATP affect binding of KCBP to tubulin subunits
Kinesins use energy derived from the hydrolysis of ATP or GTP to translocate on microtubules. We have previously shown, in a microtubule pelleting assay, that the KCBP motor domain does not bind to polymerized tubulin in the presence of ATP (Reddy et al., 1996a) . Binding of the protein to both tubulin subunits is very strongly inhibited in the presence of ATP (Figure 6 ). Complete inhibition of binding was observed in the presence of 0.5 mM ATP. Binding assay in the presence of GTP indicates reduction in KCBP binding to tubulin but only at higher concentration ( Figure 6 ). The concentration of GTP to abolish KCBP binding to tubulin is several orders higher than that of ATP. Considering the KLPs preference for ATP as a substrate over GTP, the difference in signal between these two nucleotides is not surprising. The monomeric tubulin in the blot overlay assay behaves as polymerized tubulin with respect to KCBP binding.
Ca2÷-calmodulin modulates KCBP binding to tubulin subunits
Our previous studies have shown that KCBP is unique among all known KLPs in possessing a functional calcium dependent calmodulin-binding domain (Reddy et al., 1996a; Reddy etal., 1996b; Wang etal., 1996) . The presence of such a domain suggests modulation of KCBP function by Ca2+-calmodulin. It is of interest to know how calcium and calmodulin regulate KCBP function, particularly in its interaction with tubulin. Calcium had no effect on the binding of 1.5 C protein to tubulin subunits. The binding of KCBP to tubulin is reduced in the presence of calmodulin alone. However, the KCBP motor domain failed to bind to tubulin subunits in the presence of both calcium and calmodulin ( Figure 7 ). The observed effect is similar with both tubulin subunits. These results are consistent with what we have observed in in vitro assays and microtubule , 1996b) . A f f i n i t y purified a n t i b o d i e s raised a g a i n s t this syn- Figure 7 . Modulation of binding of 1.5 C fusion protein to tubulin subunits by Ce2+-calmodulin. Nitrocellulose strips with bound tubulin were incubated with 1.5 C fusion protein in the presence (+) or absence (-) of calcium (0.5 mM) and/or calmodulin (10 ~g ml-1). The binding of fusion protein to tubulin subunits was detected with S protein. Figure 9 . Binding of 1.0 C fusion protein to tubulin subunits in the presence of calcium and calmodulin. Nitrocellulose strips with bound tubulin were incubated with 1.0 C fusion protein (3 pg m1-1) in the presence (+) or absence (-) of calcium (0.5 mM) and/or calmodulin (10 ~g ml-1). The blots were probed with T7.tag antibodies. Figure 8 . Binding of 1.5 C fusion protein to tubulin subunits in the presence of Ca2+-calmodulin and KCBP antibodies. Tubulin containing nitrocellulose strips were incubated with 1.5 C fusion protein in the presence (+) or absence (-) of KCBP antibodies, calcium (0.5 mM) and/or calmodulin (10 pg ml-1). The binding of the fusion protein to tubulin was detected with S protein.
thetic peptide recognize a protein of expected size in protein extracts of suspension cultured cells (data not shown) and bacterial cells expressing KCBP (Figure 2b and c). To determine if the calmodulin-binding domain is responsible for Ca2÷-calmodulin modulation of KCBP binding to tubulin, we have performed binding studies in the presence of antibodies specific to the calmodulinbinding domain. Inclusion of antibodies in the overlay solution restricted the use of anti-KCBP antibodies or biotinylated calmodulin as probes to detect binding. So we took advantage of the S protein tag available at the amino end of the fusion protein to detect binding of motor to tubulin subunits. Such an analysis indicated that the motor domain protein containing the calmodulin-binding region is able to bind to tubulin subunits. The calcium and calmodulin-dependent modulation that we observed with 1.5 C alone is no longer evident in the presence of antibodies (Figure 8 ) indicating the effective blockage of the calmodulin-binding domain by the antibodies.
Motor domain lacking calmodulin-binding region fails to show Ca2 ÷-calmodulin regulation
We have shown that the binding of the motor domain to tubulin is independent of the calmodulin-binding domain. This is not surprising since the motor domain of KCBP contains four (I to IV) highly conserved motifs implicated in microtubule-binding that are typical of all motor domains of kinesins and KLPs (Bloom and Endow, 1994) . We expressed 1.0 kb cDNA encoding 350 amino acid residues exclusive to the motor domain without the last 52 carboxyterminal residues that contain calmodulin-binding domain (Reddy et al., 1996b) . To address whether deletion of calmodulin-binding domain abolishes Ca2+-calmodulin regulation, we performed binding assays with 1.0 C protein, which lacks calmodulin-binding domain, in the presence of calcium alone, calmodulin alone, or in the presence of calcium and calmodulin together. Analysis of binding of 1.0 C protein to tubulin showed no effect of Ca2+-calmodulin ( Figure 9 ). The binding of KCBP to tubulin in the presence of calcium/calmodulin is similar to that of binding in the absence of Ca 2÷-calmOdulin. The results of this experiment demonstrate that the Ca2+-calmodulin-dependent modulation of KCBP interaction with tubulin requires the calmodulin-binding region located at the carboxy-terminus.
Discussion
Chemical cross-linking experiments using zero length chemical cross-linker have been used to analyse interactions between kinesin and microtubules (Song and Mandelkow, 1993; Walker, 1995) . Chemical cross-linkers, however, may cross-link proteins that are in close proximity to each other which are not necessarily binding partners (Bloom and Endow, 1994) . We have used a blot overlay assay to study the interaction of KCBP with unpolymerized tubulin subunits. Bovine brain tubulin was used in all our blot overlay assays since (i) the amino acid sequence of tubulins is highly conserved between plants and animals (Fosket and Morejohn, 1992) , (ii) microinjection of animal tubulin into plant cells results in incorporation of animal tubulin into different microtubule arrays (Hepler and Hush, 1996; Zhang et aL, 1990) , (iii) microtubule pelleting assays showed binding of KCBP to animal microtubules (Reddy et al., 1996a) , and (iv) in vitro motility studies have shown translocation of Arabidopsis KCBP on animal microtubules (Song et al., 1997) .
Results presented here demonstrate that bacterial expressed truncated KCBPs are functional and interact with c~-and ~-subunits of tubulin. Both subunits were found to interact equally with KCBP (Figure 3a) . Several observations indicate that the interaction between KCBP and tubulin subunits is specific. Nitrocellulose strips containing immobilized bovine serum albumin that were incubated with KCBP failed to show any signal when probed with either T7.tag antibody, S protein, KCBP antibodies or biotinylated calmodulin (Figure 3b ). The binding of KCBP to tubulin subunits increased proportionately with increasing concentration of KCBP in overlay solution (Figure 4 ). These results show that both a and b tubulin subunits have intrinsic ability to bind to KCBP.
Analysis of interaction of various truncated proteins of KCBP with tubulin subunits indicates requirement for the conserved microtubule-binding region located in the motor domain. Three fusion proteins (1.5 C, 1.4 C and 1.0 C) with motor domain were able to bind to tubulin subunits ( Figure  3a) . In this respect, the response of the motor in its interaction with tubulin is similar to that of its polymer microtubule. Analysis of binding with motors 1.5 C and 1.4 C differing in stalk length, however, did not show any variation. Extended stalk region, in addition to aiding in dimerization of the two heavy chains, seems to confer more efficient transportability of motor along the polymer track compared to a protein with motor domain alone or one with a shorter stalk (Bloom and Endow, 1994) . In the case of kinesin heavy chain, dimerization enhances the binding of motor to tubulin subunits (Larcher et al., 1996) . The amino terminal part of KCBP (2.5 N fusion protein) containing the globular tail and coiled-coil stalk region but lacking the motor domain did not show clear binding to tubulin subunits. Some KLPs, especially minus end motors, have been shown to contain a second microtubule binding site in the tail region that is insensitive to ATP (Chandra etal., 1993; Endow etaL, 1994; Kuriyama etaL, 1995; Liao et al., 1994; McDonald et al., 1990) . Although KCBP aminoterminal fusion protein does not appear to interact with tubulin subunits, we can not'rule out the possibility that it may interact with microtubules. Microtubule pelleting assays should allow us to determine if the amino-terminal part of KCBP has additional microtubule-binding sites.
The most unique feature of KCBP is its calmodulinbinding domain which differentiates it from all other known KLPs (Reddy et aL, 1996a,b) . Calmodulin, a ubiquitous and multifunctional Ca2+-binding protein in eukaryotes, interacts and modulates the activity/function of a number of proteins (Poovaiah and Reddy, 1993; Roberts and Harmon, 1992) . Here, we show that the truncated KCBP containing the motor domain along with the calmodulin-binding region does not bind to tubulin subunits in the presence of Ca2+-calmodulin. A similar effect was observed with both ~-and ~-tubulin subunits. Blocking the calmodulinbinding domain with antibodies specific to this region results in abolition of Ca2+-calmodulin modulation of KCBP binding to tubulin subunits (Figure 8 ). However, with antibody blocking experiments, it is difficult to know whether the abolition of Ca2+-calmodulin regulation is a direct effect, i.e. due to blocking of calmodulin-binding domain by the antibodies, or indirect due to the binding of the large IgG molecule to the motor. In order to resolve this, we used a truncated 1.0 C construct lacking the calmodulinbinding domain in binding studies with tubulin in the presence of Ca2+-calmodulin. As in the presence of antibodies, no Ca2÷-calmodulin modulation was observed with KCBP lacking calmodulin-binding domain ( Figure 9 ). These results indicate that the missing calmodulin-binding domain in this construct is critical for regulation of KCBP interaction with tubulin subunits by Ca2+-calmodulin. Our data indicate that the interaction of KCBP with monomers is similar to that of its interaction with microtubule, although we do not rule out the possibility of subtle variations (Deavours et aL, 1996) . Microtubules are highly dynamic structures. Individual microtubules alternate stochastically between periods of polymerization and depotymerization, leading to rapid exchange between tubulin subunits and polymer (Mandelkow and Mandelkow, 1995) . In the context of these complex interactions, it is appropriate to analyse the interaction of KCBP with the monomer subunits. Recent studies indicate that some motor proteins may also be important in regulating microtubule assembly Lombillo et aL, 1995a,b; Waters and Salmon, 1996) . Kar3 protein, a minus end-directed motor, induces depolymerization of the minus-end of taxol-stabilized microtubules . Shortening of microtubules plus-ends by KLPs has also been reported (Lombillo et aL, 1995a,b) . A kinesin-like protein from Xenopus (XKCM1) has been shown to selectively promote the switching of microtubule plus ends from the growth to the shortening phase of dynamic instability (Walczak et al., 1996) . Calcium and calmodulin have also been implicated in assembly and disassembly of microtubules. A large number of studies have indicated that calcium ions exert" their effect on microtubules by two modes of action: an indirect effect mediated by calmodulin and microtubule associated proteins and a direct effect mediated by interaction of calcium with tubulin, which behaves like a calcium binding protein (Lee and Wolff, 1982; Serrano et al., 1986) . In plants, calcium/calmodulin is involved in both stabilizing and destabilizing cortical microtubules (Cyr, 1991; Fisher et al., 1996) . Because calmodulin does not bind to tubulin (Lee and Wolff, 1984; Reddy etal., 1996a) , the effects of calmodulin on microtubules are mediated by catmodulin-binding microtubule associated proteins rather than direct interaction with tubulin (Durso and Cyr, 1994; Kotani et al., 1985; Lee and Wolff, 1984; Margolis et al., 1986; Pirollet etal., 1992) . Whether KCBP, a calmodulin-binding microtubule motor protein, has any direct effect on polymerization and/or depolymerization remains to be seen.
Among motor proteins light chains of bovine brain kinesin and actin-based unconventional myosin heavy chains are the only ones that bind to calmodulin (Matthies et al., 1993; Wolenski, 1995) . The binding of calmodulin to kinesin light chain inhibits kinesin's microtubule stimulated ATPase activity by 50% (Matthies et aL, 1993) . Phosphorylation of kinesin by protein kinase A reverses the calmodulin inhibition of ATPase activity. Many unconventional myosins bind calmodulin in the absence of calcium which is contrary to most target enzymes including KCBP that bind calmodulin in the presence of calcium (Wolenski, 1995) . In the case of brush border myosin I, calcium causes partial dissociation of calmodulin from the motor resulting in complete inhibition of motility (Wolenski et al., 1993) . Also, calcium has profound effects on actin-independent and actin-dependent MgATPase activity (Collins et al., 1990; Cozzelman and Mooseker, 1987; Swanljung-Collins and Collins, 1991; Wolenski et al., 1993) . The observation that the amino terminal protein sequence of the three KCBPs that we have isolated show homology to myosins (Chen et al., 1996; Reddy et al., 1996b) suggests that KCBP contains features of both microtubule-and actin-based motors. Our results demonstrate that KCBP can interact with unpolymerized tubulin subunits and that the calmodulin-binding domain confers Ca2+-calmodulin modulation of KCBP interaction with tubulin. Calcium-dependent calmodulin modulation of KCBP interaction with tubulin provides a mechanism by which cytosolic calcium, an important messenger molecule, can regulate the function of KCBP.
Experimental procedures
Construction of recombinant plasmids
Plasmids expressing different parts of KCBP were prepared as follows. A Sacl/Sall fragment of Arabidopsis KCBP cDNA containing nearly complete coding sequence (amino acids 12-1261) was cloned in-frame into pET 28b expression vector. A 1.6 kb Scal/Notl fragment corresponding to the 3' end of KCBP was deleted from this clone by digesting with respective restriction enzymes. The ends of the digested plasmid were repaired with Klenow (Sambrook et aL, 1989) and religated to generate 2.5 N construct that produces a truncated KCBP containing the aminoterminal region (amino acids 12-806). For preparing the 1.5 C construct, a 1.5 kb EcoRI fragment was excised from a previously constructed pGEX/AKCBP plasmid (Song et aL, 1997) and cloned in-frame atthe EcoRI site in pET 32b expression vector. Preparation of 1.4 C and 1.0 C constructs was described earlier (Reddy et al., 1996b) .
Protein induction and isolation
The plasmid constructs were transformed into BL21(DE3)pLysS host cells for expression of fusion protein. Bacterial cultures were allowed to grow at 37°C to an OD6o 0 of 0.6. Expression of fusion protein was induced by adding IPTG to a final concentration of 0.2 mM and the culture was allowed to grow further for an additional 8 h at 20°C. The bacterial cell suspension was spun, washed and resuspended in one-tenth volume of a resuspension buffer. For 1.5 C and 1.4 C fusion proteins that were purified by a calmodulin Sepharose affinity column, the induced cell pellet was resuspended in 50 mM Tris pH 7.5 and 150 mM NaCI. In the case of 2.5 N and 1.0 C fusion proteins which were purified by a HisBind affinity column the cells were resuspended in 20 mM Tris pH 7.9, 500 mM NaCI and 5 mM imidazole. The resuspension buffer for all the constructs contained 200 mg ml -~ lysozyme and 'Complete' (a commercial mixture of several protease inhibitors from Boehringer-Mannheim) protease inhibitors. Cells in the resuspension buffer were incubated on ice for 1 h followed by 5 to 6 pulses of sonication, each of 10 sec duration, in an iced waterbath, with 1 rain intervals between pulses. The sonicated extracts were centrifuged at 100 000 gto separate the soluble and insoluble protein fractions. To confirm the induction of fusion protein, soluble and insoluble protein fractions of both uninduced and induced cultures were separated by electrophoresis in denaturing gels. One gel was stained with Coomassie Blue and the other gel was blotted on to a nitrocellulose membrane using a Bio-Rad mini transfer cell for detection with appropriate probe.
Detection of induced proteins
To detect the fusion proteins with calmodulin-binding domain using biotinylated calmodulin the membranes were blocked for 2 h in a buffer containing 3% gelatin in TBS Ca/Mg (50 mM Tris pH 7.5, 50 mM MgCI 2, 200 mM NaCI and 0.5 mM CaCI2). The blots were washed 3 times, 10 min each, in TBS/Ca/Mg, and then incubated for 2 h in 5 pg m1-1 biotinylated calmodulin (Gibco BRL) made in TBS/Ca/Mg containing 1% gelatin and 0.05% Tween 20 (Fordham-Skelton etal., 1994; Reddy etal., 1996b) . The blots were washed as above and incubated for 45 min in the presence of Vectastain ABC.HRP complex made in TBS/Ca/Mg containing 0.1% Tween 20. The blots were washed as above and the calmodulinbinding proteins were detected colorimetrically by placing the membrane in a solution containing 100 mM Tris pH 7.5, 0.8 mg m1-1 diaminobenzedine, 0.4 mg m1-1 NiCI 2 and 0.08% hydrogen peroxide.
For detection with anti-KCBP antibodies, the membranes were blocked for 2 h in 3% gelatin made in TBS (20 mM Tris pH 7.5 and 0.5 M NaCI), washed 3 times, 10 min each, and incubated in the presence of affinity-purified antiKCBP antibodies (1:5000) made in TBS but supplemented with 1% gelatin for a period of 2 h. The blots were washed in TBS and incubated in the presence of a secondary antibody, an alkaline phosphatase conjugated antirabbit IgG raised in goat. Immunoreactive protein bands were detected colorimetrically by placing the blots in substrate solution containing 0.34 mg m1-1 nitroblue tetrazolium (NBT) and 0.175 mg m1-1 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in 100 mM Tris pH 9.5, 100 mM NaCI and 5 mM MgCI2.
To detect 1.0 C and 2.5 N fusion proteins with T7.tag the protein blots were blocked for 30 min in 3% gelatin made in TBST (10 mM Tris pH 8.0, 150 mM NaCI and 0.1% Tween 20) washed for 15 rain in TBST followed by incubation in the presence of T7.tag monoclonal antibodies (1:10000 dilution) in TBST for 30 min at 30°C. This was followed by incubation with an anti-mouse IgG antibody conjugated to alkaline phosphatase. The membrane was washed in TBST as above and immunoreactive protein bands were detected using NBT and BCIP as described. Detection of 1.5 C protein based on its S protein tag is essentially same as that of T7.tag except that we used a covalent com plex of purified S protein chemically cross linked with calf intestinal alkaline phosphatase (Novagen).
were performed 14, 28, 42, and 56 days after initial injection. Bleeds were performed before the initial injection and on each day a booster injection was given. Serum from the terminal bleed (90 days after initial injection) was used to purify antibodies.
Anti-KCBP antibodies were obtained from serum by affinity purification. The peptide was covalently attached to Immobilon-AV membrane as described in Millipore technical protocol TP015. A 2 × 2 cm strip of Immobilon-AV was incubated with 2 ml of peptide solution (1 mg of peptide dissolved in 2 ml of 0.5 M potassium phosphate, pH 7.4) for 2 h. The strip was rinsed in PBS containing 0.1% Tween 20 and incubated in 10% monoethanolamine in 1 M NaHCO 3 for 2 h. Following two 30-min rinses in PBS containing 0.1% Tween 20, the strip was incubated with 2 ml of serum for 3.5 h. The strip was rinsed and the antibodies were eluted in 0.9 ml of 100 mM glycine, pH 2.5 for 10 min. The solution was removed and neutralized with 0.1 ml of 1 M Tris, pH 8.0 (Harlow and Lane, 1988) .
Protein purification
Although the fusion proteins were abundantly expressed only a part of the expressed fusion protein (10-40%) was found in the soluble fraction and the rest was present in the inclusion bodies. However, we have used only the soluble fraction to purify the protein to ensure that the purified protein is in native form. The high speed supernatant of the induced bacterial lysate was used for purification of soluble proteins under native conditions. Fusion protein from 1.5 C and 1.4 C constructs that contained the calmodulin-binding domain were purified by calmodulin Sepharose column chromatography. Calmodulin Sepharose-4B column was prepared and equilibrated according to the instructions provided by the manufacturer (Pharmacia Biotech Inc). The high speed supernatant was supplemented with 2 mM CaCI 2, loaded onto the column and washed with at least 10 vol of binding buffer (50 mM Tris pH 7.5, 150 mM NaCI and 2 mM CaCI2). The calmodulin-binding proteins were eluted in a buffer containing 50 mM Tris pH 7.5, 150 mM NaCI and 2 mM EGTA. Purified protein was dialysed against a buffer containing 50 mM Tris pH 7.5 and 150 mM NaCI. Fusion proteins from 2.5 N and 1.0 C constructs were purified by taking advantage of His.Tag sequences, a stretch of six consecutive histidine residues that is present at the Nterminal end of the fusion proteins. The His.Tag sequence binds to divalent cations immobilized on the His-Bind metal chelation resin (Novagen). The high speed supernatant extract of the induced bacteria was applied on to the His-Bind column and allowed to bind in the presence of binding buffer containing 20 mM Tris pH 7.9, 0.5 M NaCI and 5 mM imidazole followed by extensive washing in a buffer containing 20 mM Tris pH 7.9, 0.5 M NaCI and 20 mM imidazole. The bound proteins were eluted in an elution buffer which is similar to that of wash buffer but contained 100 mM imidazole in the place of 20 mM imidazole. Purified protein was dialysed against a buffer containing 50 mM Tris pH 7.5 and 150 mM NaCI.
Generation and purification of the anti-KCBP antibodies
A synthetic peptide corresponding to a stretch of 23 amino acids in the C-terminus of Arabidopsis KCBP (Reddy et al., 1996b) was synthesized and conjugated to 20 mg Keyhole Limpet Hemocyanin (KLH). The conjugate was diluted in 1:1 deionized water : Freund's complete adjuvant and injected intradermally at multiple spots into New Zealand White rabbits. Booster injections (100-300 lig immunogen in 1:1 deionized water: Freund's incomplete adjuvant)
Blot overlay assay
Bovine brain tubulin was prepared as described previously (Williams and Reddy et al., 1996a) . The interaction of KCBP with tubulin was analysed following a blot overlay assay (Boucher et al., 1994; Larcher et aL, 1996) . About 30 lig tubulin protein was electrophoresed in an 8 or 10% SDS containing polyacrylamide gel with a single continuous well comb. The gel was transblotted on to a nitrocellulose membrane using a transfer cell in a buffer containing 25 mM Tris base, 192 mM glycine, pH 8.3 and 20% methanol at 100 V for 1 h. After blotting, the membrane was stained with 0.2% Ponceau S made in 3% trichloroacetic acid for identifying the location of tubulin subunits. Each membrane of 30 lig protein was cut into 15 equal strips and marked for orientation. The strips were placed in a sterile Petri dish of 5 cm diameter and blocked overnight in MES buffer containing 50 mM MES pH 6.8, 2 mM MgCI 2, 1 mM dithiothreitol, 0.1% Tween 20 and 0.1% gelatin. This buffer is a modification of the previously reported MES buffer (Boucher et al., 1994) in that we have removed the chelating agent, EGTA. The membranes were incubated with 4 ml of overlaying protein solution containing KCBP at various concentrations (0.1 to 5 tig m1-1) diluted in MES buffer. After incubating with KCBP for 1 h, the overlaying protein fraction was washed away thoroughly, a minimum of 5 washes of 10 min duration each, using MES buffer. A 30 min incubation in 0.5% formaldehyde made in MES buffer followed by another 30 min incubation in 2% glycine (in MES buffer) was used to stabilize the protein-protein interactions (Kremer et al., 1988) for subsequent detection studies.
The blots were equilibrated for a total duration of 45 min with three changes of buffer. The buffers used for equilibration are (i) TBS with 0.1% gelatin for probing with KCBP antibodies, (ii) TBS/ Ca/Mg with 0.1% gelatin for probing with biotinylated calmodulin, or (iii) TBST with 0.1% gelatin for probing with T7.tag antibodies or S protein as required. The binding of KCBP to tubulin was detected with appropriate probe (biotinylated calmodulin, Anti-KCBP antibodies, T7.tag antibodies or S protein) as described above.
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